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The evolutionary behaviors of many microorganisms that cause infectious diseases are usually imprinted on their genomes, particularly among RNA viruses that are distinguished by high mutation and turnover rates plus large population sizes. Such distinct characteristics allow us to observe the evolution of RNA viruses in terms of the spatiotemporal dimension by statistical means that measure the various aspects of evolutionary processes that have been encrypted in the genome. These include the mutation rates, divergence times and changes in population structures. Based on the coalescent theory of population genetics [1, 2] , phylodynamic ana lysis of molecular sequences enables the integration of epidemiological genomics and pathogen dynamics, within and among individuals, to be connected to key issues related to the evolution of infectious diseasesfrom the genetic variation and transmission of pathogens, to drug resistance, virulence and the emergence of new ecological niches [3] .
The rate, degree and timing of the spread of infectious diseases across geographical regions has a tremendous impact on human populations on a global scale. In recent decades, the movement of human hosts, pathogen reservoirs and vectors has been greatly expanded by air travel, drug trafficking, habitat encroachment, agricultural expansion and climate change, among others [4] [5] [6] . To understand the relationship between genetic diversity and spatiotemporal behaviors of an infectious viral agent, a combination of distance-based molecular phylogenetic and genealogy-based population genetic approaches has become increasingly useful in reconstructing the virus distribution, ancestral link, origin and spread at higher resolution. In coalescence analysis [2] , the alleles (and molecular sequence variations) of a given gene can be traced retrospectively to a most recent common ancestor shared by an evolving population (see comprehensive review by Drummond et al. [7] ). Based on the observed genetic drift of contemporary sequence data, the genealogy shared by all members of a population can be calculated from a timestamped phylogenetic tree. This can be achieved by integrating the inherent temporal structure within the genetic diversity of an evolving population into the commonly used frameworks of maximum likelihood or Bayesian statistics [8] [9] [10] [11] . With approximately 1 million nucleotide entries available in the viral sequence database [12] -part of which are heterochronously sampled -phylodynamic ana lysis of viral diseases has become an essential constituent of contemporary molecular epidemiology investigations. To date, sequencederived phylo dynamic characteristics for a number of major human viruses, mainly RNA viruses, have been mapped using powerful software packages, such as the Bayesian Evolutionary Analysis Sampling Trees or BEAST [13] . In this review, we summarized some of the most recent phylodynamic studies that have been conducted on human RNA viruses with distinct epidemic behaviors that are dictated by the relative timescales of infection (days to years) and also the differential effect of immune responses elicited by the host on these viruses [3] Although widely considered to be a significant tool for population genetics ana lysis in the early 2000s, the assumptions made in such ana lysis (i.e., non-pervasive rate variation among lineages) are often technically debatable, and it lacks statistical power. Hence, compared with the Bayesian clock-based coalescent method that takes into account various uncertainties in the trees and also substitution rate estimations, the latter approach has been proven time and again to be an improved algorithm. The growth in HIV infections has since continued unabated (although largely unnoticed until early 1980s), correlated to the urbanization of colonial Africa that could most likely be associated with high-risk behaviors, causing the rapid spread of the virus. At the end of 2009, HIV already infected more than 33 million people worldwide [102] . As a result, the availability of a large number of HIV-1 sequences in the database, mainly generated from continuous antiretroviral resistance surveillance programs, allows for indepth investigations of the interacting epidemiological and evolutionary processes of HIV-1 to be carried out. Asia is home to approximately 5 million people infected with HIV. In China alone, as many as 1 million people are estimated to be living with HIV/AIDS [102] . In the world's most populous nation, Yunnan province, located in southern China, is considered to be an epicenter of HIV/AIDS, in which the first cases of HIV-1 were described in the region among injecting drug users (IDUs) in approximately 1989 [17] [18] [19] . In the early years of the epidemic, outbreaks were caused mainly by subtype B strains originated from North America and southeast Asia (B´ or Thai B) [20] . Later, subtype B´ became the dominant strain in the region [21, 22] until the early 1990s, in which subtype C strain -closely related to Indian isolates -was introduced into China [23] . As a result of subtypes B´ and C co-circulating in the southern region of China, various genetically distinct recombinants involving subtypes B´ and C (B´/C recombinants) designated as CRFs 07_BC (CRF07_BC) and 08_BC (CRF08_BC) were generated -and subsequently spread beyond Yunnan province. Although CRF07_BC and CRF08_BC were first reported in Xinjiang province in the north [24] and Guangxi province in the south [25] , respectively, their origins have been traced back to Yunnan province [17, 18, 26] , which is known for its close proximity to the 'Golden Triangle' region in Southeast Asia.
Using the newly developed Bayesian analysis methods, phylogenetic reconstruction and coalescent inference were recently reported for subtype C (the most prevalent HIV-1 subtype in the world [27] ), CRF08_BC and CRF07_BC in Asia. In a study reported by Tee et al. [28] , large sequence data sets for subtype C, CRF07_BC and CRF08_BC isolates of Asian origin were sampled from four countries (India, Myanmar, China and Taiwan) and more than ten provinces/ counties across mainland China. Temporal analysis together with viral phylogeography mapping revealed that subtype C strains from India and Myanmar emerged in the mid-1970s before spreading into neighboring China, most likely via Yunnan province, in the early 1980s (Figure 1) . In recent years, subtype C strains of Indian origin play no significant role in the Chinese epidemic. However, the date of introduction of subtype C into mainland China provided genetic evidence of eastward migration and establishment of subtype C lineage (and its related recombinants CRF07_BC and CRF08_BC) that occurred decades ago. In fact, CRF07_BC and CRF08_ BC have recently been postulated to have infected hundreds of thousands of people in China [29] , underlining their dominance in the East Asian epidemic. A spatiotemporal study suggested that CRF08_BC in fact appeared to be the ancestral lineage of CRF07_BC. Specfically, CRF08_BC first emerged in Yunnan province, possibly in the early 1990s, and subsequent back-crossing with another subtype C strain led to the generation of CRF07_BC [17, 28] . In the mid-1990s, the CRF08_BC lineage moved eastward to Baise city near the Yunnan-Guangxi border before being multiply introduced into nearby counties (Binyang and Pingxiang) in the late 1990s, with some evidence of southward dissemination of CRF08_BC around the China-Vietnam border (Figure 1) . Similarly, phylodynamic investigation showed that the CRF07_BC isolates from various regions including Xinjiang, Liaoning, Guangdong and Sichuan most probably shared a common ancestor that emerged in approximately 1993 in Yunnan province [18, 26] , although a recent report The temporal and spatial dynamics of the spread of subtype C and related recombinants (CRF07_BC and CRF08_BC) is schematically illustrated. HIV-1 subtype C of Indian origin entered Yunnan province in southwestern China in the early 1980s, possibly via Myanmar. Co-circulation of subtype C and the endemic subtype B´ [21, 22] led to the generation of B´/C inter-subtype recombinants, CRF07_BC [24] and CRF08_BC [25] in Yunnan. Further spread of CRF07_BC and CRF08_BC during the 1990s is thought to be the major force for the HIV/AIDS epidemic among injecting drug users in China. The times of the most recent common ancestors of CRF07_BC, CRF08_BC and parental subtype C strains representing different geographical locations are indicated. Adapted with permission from [17, 28] .
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future science group demonstrated that CRF07_BC in Liaoning and Jiangsu may have been diverged from Xinjiang [30] . However, epidemiological studies presented over the past decades strengthen the idea that drug trafficking and local heroin use around the 'Golden Triangle' perimeter have been associated with the genesis and transmission of CRF07_BC and CRF08_BC in China [17, 31, 32] .
Outside mainland China, CRF07_BC is associated with a dramatic increase of HIV/ AIDS cases in Taiwan [33] . Spatiotemporal tracing showed that CRF07_ BC first appeared in southern Taiwan in the late 1990s, most likely from southwestern parts of China via drug trafficking routes [33] . The lineage was later disseminated to the central and northern regions of Taiwan in the early 2000s, causing the largest ever HIV outbreak in the country (Figure 1 & 2) . Such ana lysis highlighted that CRF07_BC may have been present insidiously among IDUs for 1-2 years in each region prior to the epidemic spread and subsequent detection of the infection.
Human enterovirus 71 (EV-71)
EV-71 has been established as a common cause of HFMD in young children worldwide, most commonly among children under 6 years of age. Since its first isolation and characterization in 1969 in California, USA [34] , various other regions (Europe, Australia and Asia) have reported large HFMD outbreaks associated with EV-71, constituting an emerging threat to global public health [35] [36] [37] [38] . The majority of EV-71 infection has been associated with mild, self-limited febrile illnesses represented by lesions on the hands, feet and oral mucosa. A small percentage of acute infections, however, are linked with deadly neurological symptoms such as brain stem encephalitis, aseptic meningitis, and poliomyelitis-like paralysis [39] . During the 1970s, cases of neurological diseases were sporadically reported in Europe [40, 41] , thus attracting little or no attention. However, large HFMD outbreaks with a significant proportion of neurotropic infections and high fatality rates re-emerged two decades later: Malaysia in 1997 [42] [43] [44] , Taiwan in 1998 [45, 46] and later in other countries across the Asia-Pacific region [47] [48] [49] [50] .
The VP1 structural protein plays an important role in viral pathogenesis, and is frequently targeted by neutralizing antibodies from the host, predisposing the VP1 gene to regular immune selective pressure. Based on the level of genetic complexity and the absence of genetic recombination within the VP1 gene [51] , VP1 is widely used in genotyping studies for picornaviruses in general -with EV-71 classified on the basis of VP1 gene diversity into three main genogroups denoted as A, B and C, and different sub-genogroups within genogroups B and C. It is alarming to note that during the last decade, most major outbreaks reported in the Asia-Pacific region were caused by previously unrecognized EV-71 sub-genogroups, raising interest about their origin or common ancestor, epidemiological history and early diversification in the human hosts.
In a recent evolutionary investigation, over 600 global VP1 sequences representing virtually all EV-71 isolates reported over four decades, were analyzed using a set of phylogenetic and population genetic methods. Genealogy-based coalescent methods -using a Bayesian relaxed molecular clock algorithm that assumes no a priori correlation between a lineage's rate of evolution and that of its ancestor [52] -estimated the time of origin of EV-71 to be around 1941 (95% confidence interval, 1929-1952), suggesting that EV-71 is a rather recent human virus that descended from the closely-related coxsackievirus-A16 in the mid-20th century [53] . In particular, phylodynamic ana lysis showed that diverse subgenogroups B1-B5 and C1-C5 lineages, of which seven sub-genogroups have been newly discovered in the Asia-Pacific region since the 1990s, have each circulated without being detected in the human population for up to 5 years before triggering large outbreaks of HFMD (Figure 3) . Bayesian skyline analyses showed sharp increases in EV-71 genetic diversity during large outbreaks of HFMD, suggestive of exponential spread of specific sub-genogroups. During outbreak intervals however, stable and persistent transmission of EV-71 is evident in the skyline plots (Figure 3) . Latent persistence of each EV-71 sub-genogroup in human populations -uncovered by genealogical ana lysis -may suggest that EV-71 was causing asymptomatic infection in most infected subjects and probably circulating at low levels with an insignificant number of deaths, resulting in negative virus detection. However, what triggers the onset of outbreaks remains unsettled. Although continual growth of susceptible hosts through birth [54] and low levels of herd immunity at the population level [46] may prompt large-scale disease transmission once an upper limit of susceptible hosts is reached, it is important to note that an outbreak of an infectious disease is often caused by the complex interactions of genes (host and virus), environment and also timing, which often complicate the control and prevention effort.
Influenza virus (2009 swine-origin influenza A H1N1)
In late March and early April 2009, a novel influenza A (H1N1) virus of swine origin was reported in Mexico [55] and the USA [56] . Initially considered as outbreaks in these regions at a time when high levels of influenza-like illness were least expected, the virus continued to spread globally in an exponential mode, prompting the WHO to declare the outbreaks as an influenza A pandemic associated with a new strain of H1N1 virus in June 2009 [103] . The CDC estimated that in the USA alone approximately 60.8 million people were infected with the virus, with over 274,000 hospitalizations and 12,400 H1N1-related deaths occurring between April 2009 and April 2010, although the actual burden of the disease is not precisely known [57, 58] .
Genetic characterization showed that the novel swine-origin influenza A (H1N1) virus, or S-OIV, is a reassortant virus originating from a H1N1 (or possibly H1N2) triple-reassortant virus circulating in North American swine and a H1N1 'avian-like' swine lineage in Europe (Eurasian swine) (Figure 4 ) [59] [60] [61] [62] . Historically, the triple-reassortant virus first emerged in 1998 in North America (as a H3N2 virus), containing genes from the classical swine H1N1 (NP, M and NS genes), North American avian (PB2 and PA genes) and human H3N2 virus (PB1, H and N genes) [63, 64] . Co-circulation of the H3N2 triple-reassortant with existing classical H1N1 swine lineages generated new H1N1 and H1N2 triple-reassortant strains that promptly became important lineages in swine populations,
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future science group often linked with occasional human outbreaks in the USA [59, 60, 65] . Meanwhile in Europe, the Eurasian 'avian-like' H1N1 in swine was first described in Belgium in 1979 and later became the dominant circulating strain, replacing the classical swine H1N1 [66] .
Evolutionary ana lysis was performed on virus isolates collected during the early phases of the 2009 pandemic to estimate the origin of the novel S-OIV. Using a Bayesian coalescent approach, Smith et. al. reported that viruses sampled from the 2009 pandemic had a common ancestor originated at approximately January 2009, a few months before the disease was first recognized in March/April [61] . These findings suggested that the novel S-OIV was circulating at low levels since early 2009, but had gone largely unnoticed. Detailed phylogenetic reconstructions also showed that the common ancestor of the novel S-OIV and its closely related swine viruses first existed about a decade before the 2009 pandemic, highlighting a long period of unsampled genetic diversity of influenza virus in swine. The data also suggested poorly defined and possibly complex reassortment event(s) that led to the emergence of the novel S-OIV, which is thought to be more virulent and generally unrecognized by the immune system of the human host.
Conclusion
Illustrating the temporal and spatial dynamics of human viruses provides robust estimates for understanding the genetic histories and geographical spread of viral diseases. Using rigorous phylogenetic reconstructions and Bayesian coalescent statistics, the origin, timescale and past population dynamics of viral diseases can be mapped -for targets ranging from chronic, established diseases such as the HIV/AIDS epidemic, to the newly emerging influenza pandemic caused by the swine-origin influenza A H1N1 virus -providing regional and global public health data plus interpretative genetic information that allow for effective disease control and prevention, including strategized vaccine initiatives in the future.
Future perspective
Coalescent-based phylodynamic investigation has recently been established as a state-of-the-art technique in decoding the evolutionary processes of viral populations by translating the diversity and dynamics stamped on viral genomes into high-resolution evolutionary data. Recent
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future science group reports highlight the importance of integrating population biology information into molecular epidemiological studies to better represent the evolutionary footpath of human pathogens, particularly for viruses with close genealogical and geographical links. With the number (and size) of genetic sequences continuing to grow with time, due in part to the rapid advancement in the next-generation high-throughput sequencing technology, structured-coalescent ana lysis is becoming an indispensable component of the molecular epidemiological investigation of viral diseases, which in the past has mainly been bounded by simple, classical phylogenetic ana lysis. In addition, recent advances in phylogeographic inference, either by coalescent-or non-coalescent-based methodologies (comparative or spatial diffusion approaches), will greatly improve the resolution of specific phylogeographic questions [67] .
The availability of a powerful platform that enables in-depth evolutionary dynamics analysis will create a renewed opportunity to conduct large-scale sampling and sequencing for pathogens. To date, this is most evident among RNA viruses, for example, in the HIV/AIDS epidemic, hepatitis C epidemic and also influenza outbreaks (including the recent pandemic in 2009), in which a massive amount of genetic sequence data was generated for comprehensive phylodynamic investigations. In fact, as a classic example, ongoing and far-reaching surveillance of influenza viruses circulating in human, swine and avian populations has been initiated worldwide to closely monitor inter-species movement and the emergence of new reassortant viruses that may have the potential to become a pandemic strain. Detailed evolutionary ana lysis will be useful, especially in controlling the spread or migration and limiting the genetic diversity of infectious diseases through informed public health or vaccine interventions. In the future, in line with the rapid development in high-speed computing, we anticipate that phylodynamic ana lysis will not only be limited to the 'simple' genomes of viruses, but may consistently be extended to the mega-base genomes of prokaryotic and eukaryotic organisms including humans, generating new insights into evolutionary biology for complex organisms.
Executive summary
HIV in East Asia
n HIV-1 is one of the fastest evolving RNA viruses, in which HIV-1 group M is diversified into 11 subtypes/sub-subtypes and 51 circulating recombinant forms.
n Using Bayesian coalescent and population genetic estimations, HIV-1 subtype C of Indian origin emerged in the 1970s before being introduced into China in the early 1980s.
n CRF07_BC and CRF08_BC (two genetically distinct HIV-1 circulating recombinant forms generated via recombination between subtypes B´ and C) then spread across mainland China and Taiwan in the 1990s and 2000s, respectively, mainly through drug trafficking routes.
Enterovirus 71 (EV-71) in Asia-Pacific
n Seven novel sub-genogroups of EV-71 emerged across Asia-Pacific region in the 1990s and 2000s, and were largely responsible for the hand, foot and mouth disease in young children, with occasional cases of fatal neurological symptoms.
n Phylodynamic ana lysis of global VP1 sequences revealed that diverse lineages of EV-71 sub-genogroups have each circulated in the human population for up to 5 years before causing large hand, foot and mouth disease outbreaks.
pandemic influenza virus
n The first influenza pandemic of the 21st Century began in 2009 with a novel swine-origin influenza A (H1N1) virus (S-OIV) descended from a North American triple-reassortant H1N1 and a Eurasian 'avian-like' H1N1 in swine.
n By the use of phylogenetic and population genetic techniques, the initial transmission of the S-OIV reassortant to humans was estimated to have taken place a few months before the outbreak was first documented in March/April 2009 in Mexico and the USA.
n A long period of inadequate sampling of influenza virus in swine populations may complicate the precise mapping of the reassortment event and the immediate origin of the S-OIV. 
